Arterial hypertension leads to retinal microvascular abnormalities, including thinning of retinal arteries, widening of retinal veins, and an increase in the retinal vein-to-artery diameter ratio. [1] [2] [3] [4] [5] [6] The retinal microvascular abnormalities are of clinical importance because they are associated with arterial hypertension-related sequelae, including stroke. 1-6 At a given elasticity of the vessel wall, the vessel diameter depends on the intravasal pressure. Because the central retinal vein passes through the optic nerve and the orbital cerebrospinal fluid space, the blood pressure in the central retinal vein inside of the eye should be at least as high as the orbital cerebrospinal fluid pressure (CSFP) is. Recent clinical studies have shown that higher CSFP is associated with higher arterial blood pressure. 7, 8 We therefore postulated that widening of retinal veins and the increased vein-to-artery diameter ratio in arterial hypertension is indirectly caused by increased CSFP. Because arterial blood pressure has an effect primarily on the arterial side, but not on the venous side, of the circulation, the association between higher arterial blood pressure and higher CSFP could explain why arterial hypertension is associated with wider retinal veins and an increased retinal vein-to-artery diameter ratio. 
resistance out of the eye. To test the hypothesis of an association between retinal vein diameter and CSFP, we measured the retinal vessel diameter on fundus photographs and estimated the CSFP using a previously developed formula. The latter had been derived in recent studies, which had shown the correlation of higher CSFP with younger age, higher arterial blood pressure, and higher body mass index. [8] [9] [10] We chose a population-based study design to avoid a referral-induced bias in the selection of the study participants.
METHODS
The Beijing Eye Study 2006 is a population-based study that was carried out in an urban district of central Beijing and in a rural region in the vicinity of Beijing. 11, 12 The Medical Ethics Committee of the Beijing Tongren Hospital approved the study protocol, and all participants gave informed consent. Out of 4,439 eligible subjects who had participated in the survey in 2001, 3,251 (73.2%) subjects (n = 1,838 women) reparticipated in 2006. The study was divided into a rural part with 1,500 (46.1%) subjects and an urban part with 1,751 (53.9%) subjects. Mean age was 60.4 ± 10.0 years (range = 45-89 years). The study has been described in detail. 11, 12 The study participants underwent a detailed ophthalmologic examination that included photography of the fundus. The diameters of the temporal inferior and temporal superior retinal artery and vein at a distance of 2 mm from the optic disc center were measured on the photographs of randomly selected study participants. As described previously, the magnification by the optic media of the eye was corrected according to Littmann's method taking into account the refractive error. 13 For the evaluation of retinal vascular abnormalities, we applied the study scheme of the Atherosclerosis Risk in Communities study and examined the signs of focal arteriolar narrowing, arteriolar sheathing, and arteriovenous nicking at arteriovenous crossings. 14 The reproducibility of the vessel assessments had been examined in a previous study. 13 Blood samples were taken for biochemical examinations. The blood pressure was measured with the participant sitting for at least 5 minutes under standardized conditions. 15 Arterial hypertension was defined as a systolic blood pressure ≥140 mm Hg, and/or a diastolic blood pressure ≥90 mm Hg, and/or self-reported current treatment for arterial hypertension with antihypertensive medication. We additionally measured body height and weight and calculated the body mass index as body weight/(body height in meters) 2 .
Using the lumbar CSFP measurements obtained in a previous study, we formed a formula to estimate the CSFP. 8 That study included patients who consecutively underwent lumbar puncture for diagnosis and treatment of suspected neurological diseases. Exclusion criteria were a final diagnosis of diseases likely to be associated with a pathological CSFP and a visual acuity less than 20/400. The lumbar CSFP was measured in a standardized manner at 2 pm. The study included 74 patients with a mean age of 42.0 ± 13.4 years. Mean measured CSFP was 12.6 ± 4.8 mm Hg. We randomly divided the whole group into a training group that consisted of 32 patients and a test group that included the remaining 42 patients. In multivariable analysis, CSFP in the training group was best described by the formula as CSFP (mm Hg) = 0.44 × body mass index (kg/m 2 ) + 0.16 × diastolic blood pressure (mm Hg) − 0.18 × age (years − 1.91. It confirmed previous investigations that had also reported on associations of higher CSFP with younger age, higher body mass index, and higher blood pressure. 7, 8, 16 Applying the formula in the independent test group revealed that the measured CSFP (12.6 ± 4.8 mm Hg) did not differ significantly (P = 0.29) from the calculated CSFP (13.3 ± 3.2 mm Hg). A Durbin-Watson value of 2.08 indicated a nonsignificant autocorrelation for the residuals in the multiple regression models (Durbin-Watson values in the range of 1.5-2.5 have usually been considered to be acceptable). 17 The intra-class correlation coefficient was 0.71, and a Bland-Altman analysis revealed that 40 of 42 measurements were within the 95% limits of agreement.
Inclusion criteria for our study were the availability of measurements of the retinal vessel diameters, data on the retinal microvascular abnormalities, and estimations of the CSFP. Statistical analysis was performed using a statistical software package (SPSS for Windows, version 21.0; IBM-SPSS, Chicago, IL). First, we examined the mean values (presented as mean ± SD). Second, we searched in univariable analysis for associations between retinal vessel diameter, CSFP, and other systemic and ocular parameters. Third, we performed a multivariable analysis with retinal vessel diameter as dependent variable and all parameters that had a significant association with retinal vein diameters in the univariable analysis as independent variables. We then dropped step-by-step those parameters that were no longer significantly associated with retinal vessel diameters, starting with the parameters with the 
RESULTS
Measurements of retinal vessel diameters and estimations of CSFP were available for 1,574 subjects (1,574 eyes; 903 (57.4%) women) with a mean age of 58.6 ± 9.5 years (median = 57 years; range = 45-85 years) and a mean refractive error of −0.18 ± 1.95 diopters (median = 0.13; range = −19.0 to +7.25). The group of subjects not participating in the study, as compared with the group of subjects included in the study, was significantly older and had a lower body mass index, a lower prevalence of obesity, lower arterial blood pressure, and a higher prevalence of hyperlipidemia (all P < 0.05), whereas the groups did not differ significantly in refractive error (P = 0.06) or sex (P = 0.47) ( Table 1) . Based on the results of a univariable analysis (Table 2) , a multivariable analysis revealed that wider diameter of the temporal inferior retinal vein was significantly associated with higher CSFP after adjusting for urban region of habitation, myopic refractive error, and absence of glaucomatous optic neuropathy (correlation coefficient r = 0.41) ( Table 3) . A wider temporal superior retinal vein diameter was significantly associated with higher CSFP after adjusting for lower systolic blood pressure, more myopic refractive error, and absence of glaucomatous optic neuropathy (correlation coefficient r = 0.44) ( Tables 2 and 3) .
Based on the results of a univariable analysis (Table 4) , a multivariable analysis of associations with the retinal arterial diameter was performed (Table 5) . A thicker temporal inferior artery diameter was significantly associated (correlation coefficient r = 0.51; multivariable analysis) with female gender (P < 0.001), urban region of habitation (P < 0.001), absence of arterial hypertension (P = 0.001), myopic refractive error (P < 0.001) and absence of glaucomatous optic nerve damage (P = 0.003), whereas lower CSFP was only marginally significantly (P = 0.03) associated (Tables 4 and  5) . A thicker temporal inferior artery diameter was significantly associated (correlation coefficient r = 0.51; multivariable analysis) with urban region of habitation (P < 0.001), absence of arterial hypertension (P = 0.001), and myopic refractive error (P < 0.001), whereas CSFP was not significantly (P = 0.10) associated (Tables 4 and 5 ). Similar results were obtained for the temporal superior artery diameter (Tables 4 and 5 ).
The ratio of temporal inferior vein-to-artery diameter ratio was significantly associated with higher CSFP (P < 0.001; standardized correlation coefficient beta = 0.14; correlation coefficient R = 0.01; 95% CI = 0.007-0.015) after adjusting for urban region of habitation, lower prevalence of arterial hypertension, and female sex. In univariable analysis, the ratio of temporal superior vein-to-artery diameter was associated with younger age (P < 0.001), rural region of habitation (P < 0.001), higher systolic (P = 0.001) and diastolic (P < 0.001) blood pressure, higher prevalence of arterial hypertension (P = 0.01), and higher CSFP (P < 0.001). It was not significantly (all P > 0.10) associated with blood concentrations of glucose, high-density lipoproteins, low-density lipoproteins, triglycerides, and cholesterol or prevalence of diabetes mellitus. In multivariable analysis, a higher ratio was eventually significantly associated with higher CSFP (P < 0.001; standardized correlation coefficient beta = 0.15; correlation coefficient R = 0.011; 95%CI = 0.007-0.015) after adjusting for rural region of habitation, higher prevalence of arterial hypertension, and male sex. Mean estimated CSFP was 11.1 ± 3.0 mm Hg. After conducting a univariable analysis (Table 6) , multivariable analysis showed that higher CSFP was associated with wider retinal veins or, alternatively, with higher vein-to-artery diameter ratios, after adjusting for female sex, rural region of habitation, higher systolic blood pressure, lower blood concentrations of high-density lipoproteins, higher blood concentrations of triglycerides, lower prevalence of diabetes mellitus, and higher intraocular pressure ( Table 7) . The variance inflation factors of all parameters in the analysis of collinearity were <2.0. If systolic blood pressure was dropped from the list of independent parameters because it is strongly related with diastolic blood pressure, which was part of the CSFP formula, similar results were obtained. CSFP was not significantly associated with the retinal artery diameters (temporal inferior artery: P = 0.07; temporal superior artery: P = 0.15) in the multivariable analysis (Tables 6 and 7) . Arterial hypertension, present in 818 (52.0%) subjects, was associated (multivariable analysis) with older age (P < 0.001; B = 0. If the parameters of the temporal artery and vein diameter were replaced by the ratio of the vein-to-artery diameter, the latter increased significantly with arterial hypertension (P < 0.003; B = 0.83; OR = 2.30; 95% CI = 1.33-3.98).
DISCUSSIOn
In our population-based study, wider diameters of the temporal inferior and temporal superior retinal veins and higher vein-to-artery diameter ratios were significantly associated with higher CSFP in multivariable analysis. In contrast, temporal inferior retinal arterial diameter was marginally associated (P = 0.03) with estimated CSFP, and temporal superior artery diameter was not significantly associated (P = 0.10) with estimated CSFP; other microvascular abnormalities, such as focal arteriolar narrowing, arteriovenous crossing nicking, and arteriolar sheathing, were also not significantly associated with estimated CSFP. In a parallel manner, higher estimated CSFP was associated with wider retinal veins and higher vein-to-artery diameter ratio after adjusting for systemic and ocular parameters, but CSFP was not significantly correlated with retinal artery diameters or other retinal microvascular abnormalities such as arteriovenous crossing signs, focal arteriolar thinning, and arteriolar sheathing (Table 7) . Finally, arterial hypertension was associated with retinal microvascular abnormalities such as arteriovenous crossing signs, thinner temporal retinal arteries, higher CSFP (P < 0.001), and wider retinal veins (P = 0.001) or, as a corollary, with a higher vein-to-artery diameter ratio in multivariable analysis.
The finding of an association between retinal vein diameters and estimated CSFP corresponds to the anatomy and physiology of the optic nerve head. The central retinal vein when leaving the eye passes through the lamina cribrosa of the optic nerve head and enters the retrobulbar optic nerve before it passes through the orbital cerebrospinal fluid space and the optic nerve dura mater into the orbital fat tissue. The blood pressure in the central retinal vein inside of the eye is therefore at least as high as the CSFP. Using ophthalmodynamometry to estimate the central retinal vein pressure, previous studies have shown that the central retinal vein pressure is a surrogate for the CSFP. 18 The results of our study agree with a previous investigation, in which the 10-year incidence of retinal vein occlusions was associated with an increased estimated CSFP (own data). Retinal vein occlusions are characterized by an elevated retinal vein pressure. 19 The association between an increased CSFP and an increased incidence of retinal vein occlusions could also explain why arterial hypertension is a risk factor for retinal vein occlusion although the elevated arterial blood pressure can have a direct effect only on the arterial side of the circulation. Because arterial blood pressure correlates with CSFP, the increased arterial blood pressure caused an elevated CSFP, which increased the venous outflow resistance out of the eye. In analogy to the association between retinal vein occlusions and arterial hypertension, the association between an increased retinal vein-to-artery diameter ratio and arterial hypertension may also be explained by the direct effect of blood pressure on the CSFP. 7, 8, 16 In a similar manner, papilledema occurring as hallmark of stage IV of hypertensive retinopathy may not directly be caused by high arterial blood pressure but indirectly by the concomitantly elevated CSFP. Interestingly, other hypertensive retinal microvascular abnormalities such as arteriovenous crossing signs and arteriolar focal narrowing were not related to CSFP. It may suggest that these signs depended on mainly intraocular factors such as changes in the vessel wall.
The observed relationship between the CSFP and the retinal vein diameter or the vein-to-artery diameter ratio shows the importance of CSFP for physiology and pathophysiology of the eye, as also reported in previous studies. These investigations demonstrated that thicker subfoveal choroidal thickness was related with higher estimated CSFP, that the severity of diabetic retinopathy was associated with higher estimated CSFP (own data), and that a low CSFP may be involved in the pathogenesis of glaucomatous optic neuropathy in patients with a normal intraocular pressure. [20] [21] [22] [23] [24] [25] Fitting with the notion that the CSFP influences the retinal vein pressure, clinical studies have shown that macular edema in patients with retinal vein occlusions is most marked in the morning when, shortly before, the CSFP was elevated due to the lying position during sleeping. 26 The clinical significance of the findings would be (i) to consider the dependence of the retinal vein diameter on the CSFP; (ii) to use this association clinically by considering the retinal vein diameter as a very rough surrogate for CSFP; (iii) to differentiate between retinal microvascular abnormalities directly associated with arterial hypertension (such as arteriovenous crossing signs and arteriolar thinning) and retinal microvascular abnormalities (widening of retinal veins) that are directly associated with CSFP and thus indirectly associated with arterial hypertension; (iv) potentially to use changes in the retinal vein diameter as compared with changes in arteriovenous crossing signs as a more flexible sign of changes in arterial hypertension; and (v) to acknowledge the CSFP as a parameter influencing ocular parameters such as choroidal thickness and ophthalmic diseases such as diabetic retinopathy and central retinal vein occlusions. 25 Potential limitations of our study should be considered. First, the study depended on the estimation of CSFP by a formula incorporating body mass index, diastolic blood pressure, and age. The result of this formula was then termed CSFP and correlated with the diameter of the retinal vessels. Although the estimated CSFP was primarily the result of a mathematical equation, the calculated CSFP values correlated well with invasively measured CSFP values in the independent test group of the pilot study. 8 The latter study included a relatively small number of subjects, and these subjects had a clinical reason to undergo lumbar puncture. 8 Although the clinical neurological examination and the further clinical course retrospectively revealed that it was unlikely that the CSFP was markedly influenced by the reason to perform the lumbar puncture, one has to keep in mind that the participants in that study were not randomly selected normal subjects. It would have been not possible, however, to invasively measure the CSFP in a populationbased study. Second, the hospital-based study of which the data were used to calculate the formula for the estimation of the CSFP also measured the width of the orbital cerebrospinal space and included it in the formula. The orbital cerebrospinal space width was determined by magnetic resonance imaging. 8 Our investigation as a population-based study did not include magnetic resonance imaging in its study design, so the formula calculated in the previous hospital-based study was reassessed and reformulated using only the available parameters of body mass index, arterial blood pressure, and age. This procedure may have been allowed because these latter three parameters were primarily causally associated with CSFP, whereas the orbital cerebrospinal fluid space width was not the cause but the consequence of CSFP. Third, the retinal vessel diameters were not measured as a whole, but instead we measured only the main artery and vein in the temporal inferior arcade and temporal superior arcade. Fourth, the presence of a spontaneous pulsation of the central retinal vein was not assessed in our study. Previous hospitalbased investigations revealed that a spontaneous central retinal vein pulsation can be found in approxiamtely 80%-90% of normal subjects and in a significantly lower percentage of patients with increased CSFP. 18, 19, 27 One may assume that the arterial hypertensive participants of our study with an increased estimated CSFP might also have shown a spontaneous central retinal vein pulsation in a lower prevalence than arterial normotensive subjects. The model included only one retinal vessel diameter parameter for each analysis (ie, the retinal vessel diameter parameters were tested separately of each other in the model).
In summary, wider retinal vein diameters are associated with higher estimated CSFP and vice versa. In arterial hypertension, an increased retinal vein-to-artery diameter ratio depends primarily on CSFP but not on blood pressure.
